Intact wild-type tomato (Lycopersicon esculentum cv. Moneymaker) seeds do not complete germination to the same percentage or at the same speed as intact ABA-deficient sitiens (sit") mutant seeds when seeds of both genotypes are imbibed on polyethylene glycol (PEG) solutions of -0.3 to -1.5 MPa osmotic potential. However, if the thicker testas of wild-type seeds are removed (stripped) from the micropyle without damaging the endosperm, both the percentage and speed of germination at low external water potential are similar to that of sit" mutant seeds. Removing the micropylar end of the testa from s/f seeds did not enhance either the speed or percentage of germination on PEG solution.
Introduction
Seeds of many species become dormant during development on the parent plant and this resistance to germination persists after the seeds are disseminated. This 'primary dormancy' is considered to be part of a strategy to survive periods of unfavourable growth conditions following dissemination (Osborne, 1981) . Primary dormancy is often, but not always, removed by exposure of dry seed to elevated temperatures (after-ripening) or of imbibed seed to low temperatures (chilling) (Bewley and Black, 1985) . Despite numerous studies in this field, very little is known about the mechanisms underlying induction and breakage of primary dormancy, although a role for abscisic acid (ABA) in the induction of primary dormancy is now firmly established (Black, 1991; Hilhorst and Karssen, 1992; Hilhorst, 1995) . Studies with ABAdeficient mutants of Arabidopsis thaliana and tomato (sitiens (sit™) mutant) have clearly shown that induction of primary dormancy depends on a transient increase in ABA content at approximately the mid-development stage of the seed (Karssen et al., 1983; Groot et al., 1991) . Germination of freshly harvested wild-type tomato seeds is delayed and reduced compared with similar seeds from sit w plants. Dry after-ripening of dormant, wild-type seeds results in nearly full germination under favourable conditions. After-ripening reduces seed ABA content to amounts comparable with those in seeds from sit w plants ( Groot and Karssen, 1992) . However, after-ripened wildtype seeds still have a slightly longer lag-time for germination than sit w seeds. The most profound difference between the genotypes is in their resistance to osmotic stress. Mutant seeds germinate at considerably lower (more negative) osmotic potential than do after-ripened wild-type seeds (Groot and Karssen, 1992) , which was attributed to ABA inhibition of cell elongation in the wild-type radicle during development, an effect that may persist over long periods of dry storage.
Higher sensitivity of wild-type tomato seeds, relative to sit w mutant seeds, to osmotic stress has also been reported by Ni and Bradford (1992, 1993) . However, since these authors did not detect differences in embryo water potential between these genotypes, they hypothesized that the action of ABA during seed development was directed at the endosperm, especially at the synthesis or activity of hydrolytic enzymes that break down endosperm cell walls prior to completion of tomato seed germination. Hydrolysis of endosperm cell walls is a prerequisite for tomato seed germination because it decreases the mechanical restraint imposed on the embryo (Groot et al., 1988) .
Although after-ripening removes dormancy from wildtype seeds, resulting in comparable germination in water as for the sit w mutant, the differential response under osmotic stress may still be regarded as an expression of differences in degree of dormancy. This difference may vary between seed lots and persist over years of dry storage (HWM Hilhorst, unpublished data) .
The present study analyses the role of the embryo and the surrounding structures (endosperm and testa) in germination under osmotic stress. Growth-and germinationrelated parameters such as water relations, hydrolytic activity and testa structure were determined to localize the germination block in wild-type seeds and explain the differential germination response under osmotic stress, relative to sit w mutant seeds.
Materials and methods

Seeds
Wild-type tomato (Lycopersicon esculentum cv. Moneymaker) seeds were collected in 1988 from ripe fruit on plants that were grown in a glasshouse at 20-25 "C day temperature and 15-20°C night temperature, under HPI/T lamps delivering 18 Wm" 2 , 16 h d" 1 . Sit tens (sit w ) mutant seeds were also collected in 1988 from ripe fruit from plants grown in a glasshouse under a plastic tent in which the relative humidity was kept at above 80% with an atomizing humidifier. Temperature and light conditions were the same as for wild-type plants. Fungicide was applied to the plants to inhibit fungal growth on them which otherwise was a problem. After a 1 h treatment in 1% HC1 to remove the locule, the seeds were dried to approximately 7% moisture content (fresh weight) in air at 23 °C and stored in plastic containers at 4 °C.
Seed germination
Before use, seeds were surface-sterilized by a 1 min soak in a 1% commercial bleach solution followed by a thorough rinse in distilled water. Approximately 100 seeds, either intact or with the micropylar end (including endosperm tissue) removed ('detipped seeds') were sown on two layers of filter paper (Schleicher and Schull No. 595) in 9 cm Petri dishes containing 6 ml distilled water or PEG 6000 (Serva, Heidelberg, Germany) solution. PEG solutions of the desired osmotic potential were prepared according to the equation of Money (1989) . Alternatively, the micropylar end of the testa was removed (stripped) with forceps without damaging the underlying endosperm tissue. Seeds were incubated at 25 °C in the dark and germination was scored regularly until no further germination occurred. Germination was considered completed when radicle protrusion was clearly visible. In all cases, germination experiments were repeated at least three times.
Fresh and dry weight determination
Four samples of 20 seeds or seed parts were quickly blotted between tissue paper and immediately weighed to determine fresh weight (FW). Subsequently, samples were dried in an oven at 135°C for 1.5 h and weighed again to determine dry weight (DW).
Dissection of seeds
After incubation, seeds were cut longitudinally with a razor blade. Embryo parts were removed from the endosperm halves with a needle. Seeds were dissected for psychrometric analysis in a glove box which was held at a constant temperature of 25°Cand RH of 99-100%.
Measurement of embryo water and osmotic potentials
Embryo water potentials were determined by thermocouple psychrometry (model C52, Wescor Inc., Logan, USA connected to a nanovoltmeter model NT3, Decagon, Pullman, USA). The sample chamber was placed in an airtight glove box kept at 99-100% relative humidity at a constant temperature of 25 °C. The psychrometer was calibrated weekly, using NaCl standards. All measured samples were immediately put in liquid nitrogen after which the osmotic potential of the thawed material was determined. Equilibration time was 60 min and nV readings were taken after 60, 70 and 80 min to observe possible deviations from the equilibrium values. Cooling time was 30 s. No fewer than four replicates for each determination were used.
Enzyme assays
Three replicates of 10 entire endosperms or embryos each were ground in a mortar with a pestle in 0.75 ml ice-cold 200 mM HEPES buffer, pH 8.0. Homogenates were centrifuged in a microfuge at 16 000 g for 15 min and the supernatant used in enzyme assays. Endo-/3-mannanase activity was determined viscometrically, as described previously (Groot et ai, 1988) . Purified endo-jS-mannanase from Aspergillus niger (MegaZyme, North Rocks, Australia) was used as a standard. a-Galactosidase activity was determined by mixing 250 /tl phosphate/citrate buffer (pH5.0; 0.2/0.1 M), 50 pi lOmM ^-nitrophenyl-a-r> galactopyranoside (Sigma Chemical Co., St Louis, USA) and 100 fil enzyme preparation followed by a 10 min incubation at 35 °C. The reaction was stopped by addition of 2.5 ml 0.1 M Na 2 CO 3 . Extinctions were read at 400 nm. Activities were calculated on the basis of /7-nitrophenol released.
Soluble sugars
Four replicates of 10 embryos each were immediately transferred upon dissection to 80% (v/v) methanol and homogenized in a ground glass homogenizer. Rhamnose was added as an internal standard. After boiling at 76 °C for 15 min, the methanol was removed by vacuum centrifugation and the pellet dissolved in Milli-Q water; the undissolved residue was removed by centrifugation. The 20-fold diluted supernatant was injected on to a Dionex Carbopac PA1 (4 x 250 mm) column (Dionex, Sunnyvale, USA) connected to a Dionex BioLC gradient pump module and a pulsed amperometric detector (Townsend et al., 1988) . Sugars were eluted with an isocratic programme using 100 mM NaOH as the eluent at a flow rate of 1.0 ml min" 1 . Chromatographic data were collected and integrated on a Spectra Physics integrator (SP4400) connected to a computer. WINner/386 software (Spectra Physics, San Jose, USA) was used for further data processing. Detector response factors were calculated from pure standards (De Bruijn, 1993) .
Sampling regime
A specific sampling regime was used for the study on embryo water and osmotic potentials, sugar content, and enzyme activity. In order to compare seeds that were at similar stages of germination prior to radicle protrusion, wild-type seeds imbibed on -0.3 MPa PEG solution were harvested at 72 h, which was roughly 4 h prior to the commencement of radicle protrusion for the first wild-type seed to complete germination. These seeds were compared with sit w mutant seeds germinating on -0.3 MPa PEG solution that were harvested 44 h after imbibition, also 4 h prior to the completion of germination of the first mutant seed. Seeds of the different genotypes which were germinated on water did not differ in the timing of radicle
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emergence and so were harvested 44 h after imbibition, 4 h prior to radicle protrusion of the first seeds to do so.
Scanning electron microscopy
Dry seeds were carefully bisected with a razor blade, glued on to a support disc and sputter-coated with gold-palladium in a Polaron E-5100 sputter coater. Observations were made with a JEOL 63OOF Field Emission Scanning Electron Microscope (Tokyo, Japan) set at 5 kV, at room temperature.
Results
Germination
Germination of intact sit v seeds occurred at lower external osmotic potentials than did germination of intact seeds from wild-type plants (Fig. 1A) , confirming the results of Groot and Karssen (1992) and Ni and Bradford (1993) . The difference in external osmotic potential which would permit 50% germination, indicated by the horizontal dashed line drawn from 50% germination through the germination curves on Fig. 1A , between genotypes was approximately 0.2 MPa. Germination of detipped wildtype seeds was similar to that of intact sit w seeds, but detipped sit w seeds had similar germination capacity (Fig. 1A) and speed (not shown) as intact sit w seeds. Germination time-courses of intact seeds of both genotypes were compared at osmotic potentials of 0 and -0.3 MPa (Fig. IB) . On water, germination rates were similar, whereas germination of wild-type seeds on -0.3 MPa PEG solution had a 24 h longer lag time than sit w seeds on this osmoticum. On -0.3 MPa PEG solution, sit w seeds germinated much more slowly than they did on water, reaching 100% germination after 20 d while wild-type seeds on -0.3 MPa PEG solution reached a final germination percentage of only 30% in 20 d (Fig. IB) . However, stripped wild-type seeds germinated at the same rate and to the same extent as intact or stripped sit v seeds on -0.3 MPa PEG solution (Fig. 2) . Thus, stripping off the micropylar end of the testa was as effective in eliminating the differences in rate and extent of germination between these two genotypes under osmotic stress as was removing both the testa and the endosperm.
Fresh and dry weights
Intact sir seeds had an approximately 17% lower DW than did intact wild-type seeds (Table 1) . Due to the relatively high standard errors of the FW of the intact seeds, caused by the water-retaining hair cells on the testa, it is not clear whether fresh weights also differed. Sit w embryos, either dried or imbibed, weighed slightly less than wild-type embryos (-9% and -13%, respectively). Endosperms from sir seeds were also lighter than wild-type endosperms, both FW (-11%) and DW (-11%). The moisture contents of the different seed parts did not differ between genotypes. It was not possible to determine a reliable value for testa FW since water, irreproducibly retained between the hairs, contributed to a high extent to the FW. However, the testa DW of sit w seed was 34% less than that of the wild-type.
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Embryo water and osmotic potentials
In both genotypes, embryo </ > from seeds imbibed on -0.3 MPa PEG solution became slightly more negative compared with embryo </ > from seeds imbibed on water (Table 2) , which is accounted for by the decrease in relative water content of embryos from seeds imbibed on PEG relative to those imbibed on water. However, there was no significant difference (Mest, P< 5%) in embryo </ i between wild-type and sit w genotypes when seeds were imbibed on water or on -0.3 MPa PEG solution. Observed values of tfi n were also similar in waterimbibed seeds.
However, the observed i/i n of sir embryos imbibed on -0.3 MPa PEG was slightly more negative than the ip K of wild-type embryos whereas predicted values of </ i K were similar for both genotypes. The statistical significance of the difference in observed >ft K was always a borderline case with probability, P, between 5 and 10%.
Since embryo expansion and water uptake have been shown to be constrained by the intact endosperm in tomato (Ni and Bradford, 1992) , accurate calculation of embryo ip p from t/f p = i/f-i/i,. is not possible without a measure of the magnitude of the constraint imposed on the embryo by the endosperm. In situ, embryos probably have a water potential close to 0, but excision removes the constraint of the endosperm generating a potential for embryo volume increase and water uptake, if it is available, or the development of negative water potentials if it is not (Bradford, 1995) .
Soluble carbohydrates
Soluble sugars were determined in embryos of both genotypes to establish their possible contribution to ifi K . In an initial experiment soluble sugars were determined in radicle tips and compared with whole embryos. As no significant differences could be detected subsequent experiments were performed with whole embryos (data not shown). The major sugars present were four monosaccharides (Ara, Glu, Fruc, Rib), Sue and an unknown trisaccharide consisting of Glu, Fru and Gal (Fig. 3) . It Table 1 
. FW, D W and MC of tomato seeds
Samples of 20 seeds were imbibed at 0'C for 18 h, briefly blotted, dissected and weighed (FW). Subsequently, seed (parts) were dried at 135 "C for I h, followed by weighing (DW). MC was calculated on a fresh weight basis. Means ±SE of three replicates are shown. ND = not determined.
Genotype
Seed is very likely that this is a member of the raffinose family of oligosaccharides, and for convenience this carbohydrate will be further referred to as Raf. Monosaccharide content of mature, wild-type embryos imbibed 1 h at 0 °C (time 0) was somewhat greater than in mature sif embryos imbibed 1 h at 0 °C. Monosaccharide amounts remained unchanged at least until 4 h prior to radicle protrusion (44 h after imbibition on water) (Fig. 3A) . However, for seeds imbibed until 4h prior to radicle protrusion (72 h wild type; 44 h siF) on -0.3 MPa PEG solution, wild-type embryo monosaccharide amounts decreased whereas sit w embryo monosaccharide content almost doubled. Upon germination on water for 44 h, Sue content of both genotypes increased to similar values (Fig. 3B) . Sue amounts in the embryo from sit w mutant seeds germinated on solutions of -0.3 MPa were approximately 20% higher than in embryos from sit w mutant seeds after 1 h imbibition at 0 °C. Embryos from seeds of both genotypes imbibed for 1 h at 0 °C contained equal amounts of Raf (Fig. 3C ) and during imbibition on water for 44 h, sit w embryos accumulated approximately 30% more of this oligosaccharide than did wildtype embryos. Raf contents of embryos from wild-type seeds germinated on -0.3 MPa PEG solutions decreased more than Raf contents of embryos from sit w mutant seeds under the same conditions, resulting in a 100% greater Raf content in sit w embryos (Fig. 3C) . To relate accumulation of sugars to possible alterations in osmotic potential, total sugar contents were investigated (Fig. 3D) . Total sugar amount was greater in sit w embryos from 1 h imbibed at 0°C (+17%) and PEG-germinated (+38%) seeds, relative to sugar amounts in embryos from wild-type seeds imbibed in a corresponding manner. There was no difference in carbohydrate contents between genotypes for embryos from seeds imbibed on water for 44 h at 25 °C (Fig. 3D) . Recalculation of total sugar amounts in PEG-germinated seeds to moles I" 1 at an estimated embryo volume of 1 y\, resulted in deduced values of <//" ( = gas constant x temperature x concentration) of -0.19 MPa for wild-type and -0.27 MPa for sit" embryos, the difference being approximately 0.08 MPa.
Hydrolytic enzyme activity
To investigate possible sugar sources leading to the higher carbohydrate content of sit™ embryos, endo-/3-mannanase and a-galactosidase activities were measured in extracts from endosperms. In tomato, the walls of the endosperm are comprised primarily of polymers of mannan presumably with galactose side-chains, which serve as an energy reserve for the embryo during and after germination (Halmer, 1985; Reid, 1985) . This reserve material is mobilized by the concerted action of a-galactosidase and endo-jS-mannanase (Reid, 1971) . In both genotypes, mannanase activity was present in endosperms of seeds imbibed for 1 h at 0 °C, but was almost twice as high in sit w endosperms (Fig. 4A) . Mannanase activities were about 50% less for both genotypes after 44 h of germination on water at 25 °C (Fig. 4A) . Germination on -0.3 MPa PEG solutions resulted in less than half the mannanase activity in endosperms from seeds germinated for 44 h on water (Fig. 4A) . For all treatments, mannanase activity in sit™ endosperms was significantly higher than that in wild-type endosperms. The activity of endo-j3-mannanase was the same in intact and stripped wild-type seeds on -0.3MPa solutions (data not shown), being less than that of intact wild-type seeds germinated on water. a-Galactosidase activities were always higher in sit w endosperms than in wild-type endosperms (Fig. 4B ). There were no significant differences in o-galactosidase activities among treatments within genotype.
Scanning electron microscopy
Observation of mature, unimbibed seeds using the SEM revealed striking differences between genotypes. The sit w embryos possessed swollen or thickened radicle tips (Plate IB), whereas those of the wild-type seed were conical in shape (Plate 1A). Furthermore, sit" embryos were surrounded by a zone of free space, contrary to wild-type embryos which were tightly appressed against the endosperm tissue. More detailed observations of the tissues surrounding the embryo revealed a difference in testa structure. The testa of wild-type seeds (Plate 1C) was 4-5 cell-layers thick while sit w seeds (Plate ID) possessed a very thin testa of only one cell-layer thickness.
Discussion
Since both stripped and detipped wild-type seeds completed germination to the same percentage and at the same speed as ABA-deficient sit v mutant seeds, there can be no role for ABA-mediated regulation of tomato embryo cell wall extensibility as found by Plachy (1984, 1985) in Brassica napus seeds and as proposed for tomato seeds by Groot and Karssen (1992) . Neither did stripping the testa from the micropylar end of tomato seeds promote leaching of inhibitory amounts of ABA from wild-type seeds since mannanase activity was similar in stripped and intact wild-type seeds and ABA has been shown to suppress mannanase activity or synthesis (Malek and Bewley, 1991) . Furthermore, Groot and Karssen (1992) reported very low amounts of ABA in mature wild-type seeds, and so this inhibitor would not have a role in delaying wild-type Moneymaker tomato germination.
Endo-/9-mannanase activity was detected in the endosperms of 1 h imbibed seeds. This result is inconsistent with reports by Groot et al. (1988) and Nonogaki et al. (1992) who failed to find endo-jS-mannanase activity in tomato seed endosperms under these conditions. The reason for this discrepancy is unknown. This early mannanase activity is presumably the remainder of its presence during seed development. There is speculation that its presence in mature dry seeds depends on growth conditions, time of harvest and/or method of seed drying. The activity of endo-/?-mannanase in sit w mutant endosperms was greater than that in the endosperm of wildtype seeds when both were germinated at -0.3 MPa. However, this difference did not prevent stripped wildtype seeds from completing germination at the same rate and to the same extent as sit w mutant seeds. Neither did stripping wild-type seeds alter endo-/?-mannanase activity. Hence the hypothesis that the difference between germination percentages of wild-type and sit v seeds at low external osmotic potential is due to different activities of endo-jSmannanase (Ni and Bradford, 1993) is not supported by these observations.
The present results clearly indicate that ABA-deficiency altered carbohydrate metabolism and accumulation in tomato embryos (Figs 3, 4) . Similar results have been reported for ABA-deficient and/or -insensitive mutants of Arabidopsis thaliana (Ooms et al., 1993) . Seeds from these mutants all contained higher levels of soluble sugars than wild-type controls which was attributed to an impaired fatty acid metabolism (De Bruijn et al., 1993) . However, despite greater amounts of sugars and greater a-galactosidase activity, mutant tomato seeds did not complete germination faster or to a greater extent than did stripped wild-type seeds when seeds of both genotypes were imbibed on PEG solutions of -0.3 MPa osmotic potential. The higher sugar levels in sit w embryos hardly resulted in lower ifi n . Sugar concentrations did not differ between radicle and cotyledons (results not shown).
Obviously none of the factors mentioned above were limiting for radicle protrusion of stripped seeds on -0.3MPa PEG solution.
The single most important factor imparting ability to complete germination at low external water potentials to sir mutant tomato seeds is the thin testa. Stripping wildtype seeds of the testa at the micropylar tip permitted completion of germination at the same time and to the same percentage as mutant seeds on media of a variety of low osmotic potentials. Strong corroborative evidence supporting this hypothesis was obtained from observations that the sit w testa was much thinner (Plate 1 C,D) and lighter (Table 1 ) than the wild-type testa. The seed shape mutants ats and the transparent ttg mutant from Arabidopsis thaliana, possessing thinner testas, also germinated faster than wild-type Arabidopsis seeds (LeonKloosterziel et al., 1994) . Ni and Bradford (1992, 1993) have proposed that a threshold potential (</i b ) exists in tomato seeds which must be overcome in order for radicle protrusion to occur. It has been shown that this measure is an amalgamation of a non-living component (testa resistance) and the resistance of the living endosperm and embryo. Although such a distinction may seem trivial, it has important implications for the survival strategy of each seed (Ellner, 1986) . Testa resistance may be regarded as a minimum resistance, imposed by maternal integuments, that the embryo must overcome if it is to protrude. This resistance controls if a seed will complete germination and extend its radicle. Embryos not able to generate sufficient force to penetrate the testa will not complete germination. In series with testa resistance is endosperm resistance and this resistance controls the speed of germination (Leviatov et al., 1994) since, to generate force sufficient to penetrate the testa and endosperm, other physiological processes must first take place in the living endosperm and embryo. These processes (1) require time to proceed to a point sufficient for radicle protrusion and (2) are subject to environmental stimuli mediated by plant growth substances. This provides seeds with the perceptual mechanisms necessary to co-ordinate radicle protrusion with external conditions conducive to seedling establishment.
